Arbuscular mycorrhizal fungi (AMF) colonisation of plant root facilitates the absorption of nutrients such as phosphorus (P) and enhances plant biotic and abiotic resistance generally. However, arbuscular mycorrhiza (AM) colonisation decreases with application of chemical fertiliser. Here, we investigated whether AMF inoculation in nurseries would facilitate AM colonisation and take physiological and ecological functions in watermelon (Citrullus lanatus) in the field. Pot experiments were carried out to study the change of AMF colonised seedling on physiology and gene expression in nursery site. Field experiments were performed to investigate the effect of nursery AMF inoculation on yield, quality and disease resistance of watermelon in the field. The results showed that nursery-inoculated seedlings produced more dry matter and root surface area than non-inoculated seedlings. Expression of the secretory purple acid phosphatase (PAP) genes ClaPAP10 and ClaPAP26 was up-regulated following AMF colonisation. Accordingly, acid phosphatase activities at the root surface and P concentrations in seedling were enhanced. After transplantation to the field, the shoot dry matter and P concentration in old stem were higher in the nursery AMF inoculated seedlings than that in non-AMF inoculated seedling. AMF inoculation also induced increase of yields and decrease of wilt disease indexes and soluble sugar content. In addition, acid phosphatase activities and AMF spore densities were increased by nursery-inoculation in watermelon rhizosphere soil in the field. In conclusion, nursery colonisation AMF seedling enhanced watermelon growth and yield by improving the root growth and P acquisition in nursery cultivating stage, as well as optimised soil properties in the field. Nursery cultivation of watermelon seedling with AMF was an effective technique to reduce wilt disease in continuous cropped management in watermelon.
Arbuscular mycorrhizal fungi (AMF) colonisation of plant root facilitates the absorption of nutrients such as phosphorus (P) and enhances plant biotic and abiotic resistance generally. However, arbuscular mycorrhiza (AM) colonisation decreases with application of chemical fertiliser. Here, we investigated whether AMF inoculation in nurseries would facilitate AM colonisation and take physiological and ecological functions in watermelon (Citrullus lanatus) in the field. Pot experiments were carried out to study the change of AMF colonised seedling on physiology and gene expression in nursery site. Field experiments were performed to investigate the effect of nursery AMF inoculation on yield, quality and disease resistance of watermelon in the field. The results showed that nursery-inoculated seedlings produced more dry matter and root surface area than non-inoculated seedlings. Expression of the secretory purple acid phosphatase (PAP) genes ClaPAP10 and ClaPAP26 was up-regulated following AMF colonisation. Accordingly, acid phosphatase activities at the root surface and P concentrations in seedling were enhanced. After transplantation to the field, the shoot dry matter and P concentration in old stem were higher in the nursery AMF inoculated seedlings than that in non-AMF inoculated seedling. AMF inoculation also induced increase of yields and decrease of wilt disease indexes and soluble sugar content. In addition, acid phosphatase activities and AMF spore densities were increased by nursery-inoculation in watermelon rhizosphere soil in the field. In conclusion, nursery colonisation AMF seedling enhanced watermelon growth and yield by improving the root growth and P acquisition in nursery cultivating stage, as well as optimised soil properties in the field. Nursery cultivation of watermelon seedling with AMF was an effective technique to reduce wilt disease in continuous cropped management in watermelon.
K E Y W O R D S
acid phosphatase, arbuscular mycorrhiza, Citrullus lanatus, nursery seedling cultivation, phosphorus absorption
| INTRODUCTION
Over 80% of terrestrial plants form symbioses with arbuscular mycorrhizal fungi (AMF) to improve mineral nutrition and disease resistance (Calonne, Fontaine, & Tisserant, 2014; Cesaro et al., 2008; Saldajeno & Hyakumachi, 2011; Smith, Jakobsen, Grønlund, & Smith, 2011) . The diversity of AMF in agricultural systems is much lower than that in natural systems, especially under conventional management (Verbruggen et al., 2010) , and AMF species diversity and abundance are decreased by fertiliser applications . AMF inoculation could take actions effectively in the field, even sometimes in high-phosphorus (P) soils (Bona, Cantamessa, Massa, Manassero, & Marsano, 2017; Stewart, Hamel, & Moutoglis, 2005) . AMF inoculation in the nursery improves the growth and resistance of plants to biotic and abiotic stress (Vuorinen, Hamberg, Müller, Seiskari, & Pennanen, 2015) ; for example, tree seedlings, such as tropical crop tree, Norway spruce, colonised by AMF or ectomycorrhizal fungi, respectively grew faster in the nursery and were more likely to survive when transplanted into forests (Schüßler, Krüger, & Urgiles, 2016; Vuorinen et al., 2015) . There are many papers on arbuscular mycorrhizal fungal diversity and root colonisation reduces in the years of conventional agriculture (Hu et al., 2015; Jiao, Chen, Lin, & Liu, 2011; Roy, Reichel, Brüggemann, Hempel, & Rillig, 2017) . Among these, there are data on watermelon that AMF species richness and spore density decline as the number of years in which it is replanted increased (Jiao et al., 2011) . Furthermore, watermelon is susceptible to Fusarium wilt disease in continuously cropped soil (Ren et al., 2008) . Nursery cultivating AMF seedlings are likely alleviate reduction of AMF diversity and wilt disease in watermelon continuously cropped soil. Besides physiological and cytological methods, AMF colonisation could be determined by the AMF β-tubulin gene expression in plant root (Fuentes et al., 2016; Msiska & Morton, 2009 ).
It has been estimated that 30-65% of total P in soils is present as organic P, mainly in the form of phytate, nucleic acids and phospholipids (Shen et al., 2011) . Phosphatase enzymes enhance the capacity of plants to utilise organic P in the soil (Nasto et al., 2014) . Acid phosphatases (APases) catalyse the hydrolysis of organic P to phosphate at a pH below 7.0 (Duff et al., 1994) . Purple APases (PAPs) are a distinct multifunctional group of APases in plants, bacteria and animals, which are purple in colour because they use the metal ligand Fe 3+ as the charge acceptor (Bozzo, Raghothama, & Plaxton, 2004; Olczak, Morawiecka, & Watorek, 2003; Schenk, Korsinczky, Hume, Hamilton, & DeJersey, 2000) . In plants, intracellular APases play an important role in P homeostasis, whereas secreted APases are intimately related to their processing and utilisation of organic P in soils (Tian et al., 2012) .
PAP enzymes encoded PAP genes is induced by P starvation . In Arabidopsis (Arabidopsis thaliana), 29 putative PAPs have been reported, of which AtPAP26, AtPAP12, AtPAP15 and AtPAP10 are induced and secreted in low-Pi (low inorganic phosphorus) conditions (Kuang, Chan, Yeung, & Lim, 2009; Wang et al., 2014) to efficiently hydrolyse organic P to inorganic P (Pi) when required (Tran et al., 2010; Wang et al., 2011) .
The objectives of this study were to (a) identify the effect of nursery cultivation seedlings with AMF on the P absorption potential of watermelon (Citrullus lanatus) in the field, (b) evaluate whether nursery-inoculated watermelon seedlings retain their AMF symbionts after transfer to the field and (c) establish the effect of nursery AMF inoculation on the properties of the watermelon rhizosphere. To prepare mycorrhizal fungus-free filtrate, 500 g mycorrhizal fungal inoculum was added to 1 L sterilised water and shaken on a rotary shaker (120 rpm) for 1 hr at room temperature. The soil suspension was filtered through filter paper (30 μm pores) to obtain mycorrhizal fungus-free filtrate.
| MATERIALS AND METHODS

| Materials
| Experimental design
Four experiments were performed. Experiments 1 and 2 were conducted to investigate the growth, nutrient absorption and P uptake potential of watermelon seedlings inoculated with AMF in the nursery. Experiments 3 and 4 were undertaken to demonstrate the benefits of AMF colonisation on the yield, quality and disease resistance of watermelons in the field. Watering, weed control and other daily management activities were carried out as normal during the watermelon growth period. The plants and the rhizosphere soil were sampled when the watermelon was mature. AMF colonisation in the watermelon root, APase activities and the spore density of AMF in the rhizosphere soil were assayed.
| Bioinformatics analysis of secretory PAP genes in the watermelon genome
A BLAST search was performed using the secretory PAP genes in A. thaliana (AtPAP10, AtPAP12, AtPAP15 and AtPAP26) (Wang et al., 2009 as query to determine the analogous sequences in watermelon (C. lanatus), using the cucurbit website (http://cucurbitgenomics. org). The sequences were checked in the watermelon genome and the total genomic sequences of ClPAP10, ClPAP12, ClPAP15 and ClPAP26
were obtained (Guo, Zhang, & Sun, 2013 
| Quantitative real-time RT-PCR analysis
Real-time qRT-PCR analyses were conducted to quantify the relative transcription levels of the watermelon PAP genes and the β-tubulin gene of the AMF symbiont in watermelon roots in response to different treatments. The reaction was run on an Applied Biosystems Real-Time PCR System (Thermo Fisher Scientific) using the SYBR Premix ExTaq Kit (TaKaRa). The reactions were conducted in a final volume of 20 μL, containing 10 μL 2× SYBR Green Premix (TaKaRa), 0.4 μL of each primer of a gene-specific pair (Table 1 ) and 1 μL cDNA template. The PCR procedure consisted of an initial incubation at 95 C for 5 min; followed by 40 cycles of 95 C for 10 s and 60 C for 30 s; with an additional final cycle of dissociation curves to guarantee a specific amplification. The relative transcription level of each target gene was normalised to the constitutively expressed Actin gene (Guo et al., 2013) .
The primer sequences of PAP genes in watermelon are listed in Table 1 .
The expression of the AMF β-tubulin gene was used to determine the AMF colonisation of the watermelon root, as described previously (Msiska & Morton, 2009 ). The primer sequence of β-tubulin gene is shown in Table 1 .
| AMF colonisation, root traits and P concentration
After harvesting, root samples were randomly taken from the entire root system. The collected samples were stained with trypan blue in lactic acid using the procedure described by Koske and Gemma (1990) with some modification. The root segments were clarified using 10% KOH, acidified using 2% HCl and then stained with 0.05% trypan blue.
Thirty root segments were observed under a visible light microscope (Olympus-BX51, Haidian District, Beijing, China. Produced in Japan).
The frequency of mycorrhiza (F%) was calculated as the number of mycorrhizae formed divided by the number of total root segments, multiplied by 100%. The intensity of mycorrhizal colonisation (M%) and the arbuscule abundance (A%) in the root system were calculated as reported by Trouvelot, Kough, and Gianinazzi-Pearson (1986) , as well as the intensity of mycorrhizal colonisation (m%) and the arbuscule abundance (a%) in the infected root fragments. The roots were scanned and the root surface areas were calculated using computer image analysis software (WinRHIZO, Jingshajiang Road, Shanghai, China. Produced in Canada). The P concentrations of the shoots and roots were determined using the P-molybdate blue colour reaction, with absorbance measured at 700 nm.
| APase activity
A histochemical staining method was used to observe the APase activity on the surface of watermelon seedling roots. A 0.5% (wt/vol) agar solution containing 0.01% (wt/vol) 5-bromo-4-chloro-3-indolyl phosphate was evenly poured over roots grown on agar plates . After 24 hr of colour development, the roots were photographed.
The quantification of APase activity in the rhizosphere soil involved a colorimetric estimation of the p-nitrophenol released by phosphatase activity after a soil sample was incubated with 4 mL 0.04 M sodium malate buffer (pH 5.3) at 28 C for 30 min. The reaction was terminated with 0.5 M NaOH, and the absorbance was measured spectrophotometrically at 405 nm. One unit of APase activity was defined as the activity per gram of soil that produced 1 mmol pnitrophenol per day (Alvey, Bagayoko, Neumann, & Buerkert, 2001 ).
| Soluble sugar content
The anthrone method was used to measure the total soluble sugar content (Palma, Carvajal, Lluch, Jamilena, & Garrido, 2014) . The centre of mature fruit was subsampled and homogenised. A 0.1-mL aliquot of the aqueous phase was mixed with 3 mL anthrone reagent (150 mg anthrone and 100 mL 72% sulphuric acid). The samples were placed in a water bath at 100 C for 10 min. The light absorption of the samples was estimated at 625 nm, and the total soluble carbohydrate contents were determined using glucose as the standard (Palma et al., 2014) .
| Wilt DI
Disease severity was recorded for each plant on a scale of 0-5, with 0 indicating a healthy plant, 1, 2, 3 and 4 indicating slight, mild, moderate and severe wilt symptoms on the leaf and stem, respectively; and 5 indicating plant death (Ren et al., 2015) . DI was calculated for each pot as:
where n 1 , n 2 , n 3 , n 4 and n 5 indicate the number of wilted plants in each of the respective disease categories of class 1 to class 5, and N indicates the total number of assessed plants.
| Spore density in the soil
The wet sieving technique was used to determine the spore density in watermelon rhizosphere soil taken from the plots. AMF spores were extracted from 10 g subsamples, followed by centrifugation in a sucrose gradient (20 and 60%), and counted under a dissecting microscope (Olympus SZX16, Haidian District, Beijing, China, Produced in Japan) (Schlemper & Stürmer, 2014) .
| Statistical analysis
Statistical analyses were performed using SPSS (v. 21.0; Guangzhou Pomine Info. Tech. Co., Ltd., Guangzhou, Guangdong, China.). Significant differences between the treatments were estimated at p ≤ 5% probability level using least significant difference (LSD) test.
3 | RESULTS
| AMF nursery inoculation promoted seedling growth and increased root surface area
The AMF-colonised watermelon seedlings had significantly more growth than the non-inoculated control at 35 days following emergence, as shown by Experiment 1. Seedlings inoculated with AMF in the nursery had more shoot and root dry matter than the control (Figure 1a,b) . More fine root and longer root length were observed in AMF colonisation treatment compared with the control in the scanned picture (Figure 1c) . The root surface areas were greater with AMF cultivated seedling than that in non-AMF treatment (Figure 1d ).
| AMF colonisation of watermelon roots following nursery inoculation
The AMF colonisation frequency was 48% at 45 days after emergence 
| Effect of AMF nursery inoculation on APase activity, PAP gene expression and P concentration in watermelon seedlings
APase activity was higher (the deeper colour of root) at the root surface of the AMF-colonised seedlings than in the control seedlings at 45 days after emergence (Figure 3a) . The P concentrations in both the shoot and ClPAP26, which encode secretory PAPs, were up-regulated in the watermelon root by AMF colonisation ( Figure 3c) ; however, the expression of ClPAP12 and ClPAP15, the other genes encoding secretory PAPs, was not affected by AMF colonisation (Figure 3c,d ).
| Effect of AMF nursery inoculation on plant growth, AMF colonisation and P acquisition of watermelon in the field
The growth of nursery-inoculated watermelon plants was evaluated in the canopied field (Figure 4a ). The shoot dry matter of the nurseryinoculated plants at maturity was higher than that of the control plants ( Figure 4b) ; however, the root dry matter was not influenced by nursery cultivation with AMF ( Figure 4c ).
The P concentrations in the older stems, fruit rind and seeds were increased by AMF inoculation during nursery cultivation (Table 2) .
| Yield, quality and wilt DI
The fruit yield of the mature watermelon plants grown in the field was increased by inoculation of the seedlings with AMF in the nursery (Figure 5a ). The AMF-inoculated plants produced lower soluble sugar contents in their fruits ( Figure 5b) ; however, the soluble solids, vitamin C concentration and titratable acidity were not changed by AMF nursery cultivation (not be shown). The wilt DI in the continuously cropped watermelon field was decreased by inoculation with AMF during nursery cultivation (Figure 5c ). 4 | DISCUSSION 4.1 | Nursery cultivation with AMF maintained high levels of mycorrhizal colonisation and enhanced P absorption of watermelon in the field AMF diversity and colonisation reduced with increases the years of conventional fertilisation, which decreased both the P absorption and the disease resistance of plants in the field (Lin et al., 2012) . AM colonised seedlings of strawberry and cotton can bring AMF into the field and take physiological functions in the field (Stewart et al., 2005; Zhang et al., 2018) . In this study, nursery cultivating watermelon seedlings with AMF was found maintaining high levels of AMF colonisation and enhancing AMF spore density in rhizosphere soil in the field. It is likely that the accompanying external hyphae colonised new roots and the transplanted roots were also colonised by indigenous AMF in the field. Verzeaux, Hirel, Dubois, Lea, and Tétu (2017) also demonstrated that cultivating AMF seedlings in the nursery circumvented the difficulty of forming AM symbioses in soils with high levels of available P.
Organic P constitutes 30-65% of total soil P (Shen et al., 2011) , but it is not bioavailable for root uptake without mineralisation. Phosphatases hydrolyse organic P to release inorganic orthophosphate and drive P uptake of plant (Brooks, Twieg, Grayston, & Jones, 2013 increase their phosphatase activity in rhizosphere soil (Wu, Li, Zou, & He, 2015; Zhang, Xu, et al., 2016) and increase shoot P concentrations in plant (Sawers et al., 2017) . The current study showed nursery cultivation with AMF led to the up-regulation of ClaPAP10 and ClaPAP26 expression of watermelon, improved APase activity in rhizosphere soil and consequently increased P absorption by the plants. The AMFcolonised seedlings had a higher biomass and a higher P concentration in shoots, which associated increase in PAP gene expression and PAPase activity in comparison with the control seedlings. The AMFcolonised seedlings increased P concentration in shoot at mature stage of watermelon. It is likely correlated with the higher PAP activities hydrolysing more organic P to Pi than that in seedlings without AMF inoculation. In addition, arbuscular mycorrhized roots release active molecules to regulate root development to facilitate P absorption (Fusconi, 2014) . The exudates from the germinating spores of AMF induced root architecture changes such as increase of lateral root number and reduction of primary root length (Mukherjee & Ané, 2011; Oláh, Brière, Bécard, Dénarié, & Gough, 2005) . Furthermore, the responses of root architecture to AM colonisation are correlated to the plant species (Tawaraya, 2003) . The reduction of primary root length, increases of lateral root number in Medicago truncatula (Oláh et al., 2005) and increases of total length of root system in rice (Mukherjee & Ané, 2011) have been demonstrated. AM colonised seedlings also improved fine root density in monocot and dicot plants (Hodge & Fitter, 2010; Martín-Robles et al., 2018) . This study demonstrated that root architecture with more fine roots, longer root length and higher root areas in AMF colonised seedlings were facilitated with P acquisition in the field.
4.2 | Inoculation of watermelon with AMF in the nursery increases yield and promotes wilt disease resistance in the field AMF colonisation increases nutrient uptake capacity of plants to improve plant growth and crop yield (Bona et al., 2017; Bowles, Barrios-Masias, Carlisle, Cavagnaro, & Jackson, 2016) , which is likely via the following mechanisms: (a) the external hyphae increase the area available for the absorption of nutrients and water (Tian, Drijber, Li, Miller, & Wienhold, 2013) , (b) special transporters are induced to improve nutrient absorption (Paszkowski, Kroken, Roux, & Briggs, 2002; Weisany, Raei, Salmasi, Sohrabi, & Ghassemi-Golezani, 2016) , (c) nutrients in the soil are activated by hyphae exudates (Zhang, Jiang, et al., 2016) , (d) more assimilation products are allocated to the roots to decrease water dissipation (Augé, Toler, & Saxton, 2015) and (e) the nutrient acquisition by the hyphae is highly efficient (Smith et al., 2011) . These symbioses are especially important in soils with low endogenous P or in stress conditions (Panigrahy et al., 2009 ).
AMF colonisation increases watermelon yield in drought stress (Mo et al., 2016) . In addition, AMF reduce Fusarium infections in tomato (Solanum lycopersicum), Bipolaris sorokiniana disease in perennial ryegrass (Lolium perenne L.) and nematode infections in pigeon pea (Cajanus cajan) (Goswami et al., 2007; Steinkellner et al., 2012; Li, Guo, Michael, et al., 2018) . In the present study, we demonstrated that nursery cultivation seedlings with AMF improved watermelon yield and suppressed wilt disease in continuously cropped watermelon fields. On the other hand, cultivation of AMF seedlings decreased the soluble sugar content in watermelon fruit. It was similarly the studies in strawberry and tomato, in which AMF colonisation depresses fruit sweetness in P-deficient soil (Bona et al., 2017; Stewart et al., 2005) .
| CONCLUSION
AMF colonised seedlings up-regulated PAP gene expression, enhanced
APase activity and increased P concentrations in roots, which suggested AM seedlings possessed higher absorption capacity of organic P compared to non-AM seedlings. AMF colonised seedlings increased dry matter of shoots and roots. Therefore, nursery cultivation AM seedlings allowed plants to maintain the high colonised frequency after being transplanted into the field, which improved the yield, avoided wilt disease of watermelon as well as increased AMF spore numbers in rhizosphere soil.
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